Kv1.4 channels are Shaker-related voltage-gated potassium channels with two distinct inactivation mechanisms. Fast N-type inactivation operates by a ball-and-chain mechanism. Slower C-type inactivation is not so well defined, but involves intracellular and extracellular conformational changes of the channel. We studied the interaction between inactivation mechanisms using two-electrode voltage-clamp of Kv1.4 and Kv1.4DN (amino acids 2-146 deleted to remove N-type inactivation) heterologously expressed in Xenopus oocytes. We manipulated C-type inactivation by introducing a lysine-tyrosine point mutation (K532Y, equivalent to Shaker T449Y) that diminishes C-type inactivation. We used experimental data to develop a comprehensive computer model of Kv1.4 channels to determine the interaction between activation and N-and C-type inactivation mechanisms needed to replicate the experimental data. C-type inactivation began at lower voltage preactivated states, whereas N-type inactivation was coupled directly to the open state. A model with distinct N-and C-type inactivated states was not able to reproduce experimental data, and direct transitions between N-and C-type inactivated states were required, i.e., there is coupling between N-and C-type inactivated states. C-type inactivation is the rate-limiting step determining recovery from inactivation, so understanding C-type inactivation, and how it is coupled to N-type inactivation, is critical in understanding how channels act to repetitive stimulation.
INTRODUCTION
KCNA4 encodes the a-subunit of the voltage-gated K þ channel, Kv1.4, a member of the Shaker-related family. Depolarization of Kv1.4 channels produces a rapidly activating and inactivating transient current with a relatively slow recovery from inactivation. Kv1.4 channels have been found in diverse cell types including smooth muscle (1) , neurons (2) (3) (4) , and the heart (5) (6) (7) . The rapid and short-lived Kv1.4 current is called A-type in neurons, and is transient outward in the heart. Kv1.4 expression is upregulated in hypertrophy and heart failure (8) (9) (10) .
Inactivation of Kv1.4 channels is complex, involving at least two distinct mechanisms: N-and C-type. N-type inactivation is the result of rapid block of the conducting pore by the lipophilic N-terminal region of the channel, after channel opening (11) (12) (13) . Binding of the N-terminal to the fully open channel is voltage-insensitive (11, 14) and reflects coupling of the N-terminal to channel opening. C-type inactivation in the absence of the N-terminal domain in Kv1.4 is also voltage-insensitive and reflects a coupling to channel activation (14) , despite occurring through a very different mechanism involving closure or collapse of the permeation pathway at both the intracellular and extracellular mouth of the pore (15) .
In addition to being coupled to the process of activation, N-and C-type inactivations are coupled to each other (16, 17) . The development of N-type inactivation drives the channel quickly into a C-type inactivated state (16) (17) (18) (19) and this combined N-and C-type inactivated state governs recovery from inactivation, giving it the properties of recovery from C-type inactivation (16, 17) . In this study, we quantitatively examine the nature of this coupling, and the relative degree of activation required to allow both N-and C-type inactivation to develop. Experiments were performed on Kv1.4 (with both N-and C-type inactivation), Kv1.4DN (amino acids 2-146 are deleted to remove N-type inactivation), and Kv1. 4 [K532Y] (which has N-type inactivation but limited C-type inactivation) (17) . This mutation is equivalent to T449Y in Shaker (20) . Data were used to develop a computer model of the coupling of activation to inactivation and the coupling between N-and C-type inactivation in Kv1.4.
METHODS

Electrophysiology
Oocytes were prepared as described in Bett and Rasmusson (21) . Xenopus laevis (Xenopus Express) were cared for by standards approved by the Institutional Animal Care and Use Committee of the University at Buffalo. Frogs were anesthetized (1 g/L tricaine solution; Sigma, St. Louis, MO), and oocytes placed in OR2 (82.5 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 5 mM HEPES; pH 7.4, 1 mg mL À1 collagenase, type I; Sigma) for 1.5-2 h. Defolliculated oocytes (stage V-VI) were injected with up to 50 ng mRNA via Nanoject microinjection (Drummond Scientific, Broomall, PA).
Molecular biology
The cDNA constructs for ferret Kv1.4 (fKv1.4), used in this study (i.e., fKv1.4DN and fKv1.4[K532Y]), have been previously described (17, 22) . Removal of residues 2-146 (N-terminal domain, DN) results in a loss of N-but leaves C-type inactivation. Mutation K532Y markedly slows C-type inactivation (17) . Mutations were made using QuikChange (Stratagene, La Jolla, CA). A schematic diagram of the mutants and constructs used are shown in Fig. 1 A.
Submitted
Oocytes were voltage-clamped in whole-cell configuration using a twoelectrode oocyte clamp amplifier (CA-1B; Dagan, Minneapolis, MN), at room temperature. Microelectrodes (0.5-1.5 MU, filled with 3 M KCl) were fabricated from 1.5 mm o.d. borosilicate glass (TW150-4; WPI, Sarasota, FL) using a two-stage puller (David Kopf Instruments, Tujunga, FL). Extracellular solution (2 mM K þ ) contained: 96 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , 10 mM HEPES, pH 7.4. Voltage-clamp protocols are described as appropriate in the text. The holding potential and the interpulse potential for recovery measurements was À90 mV, unless otherwise noted.
Data analysis
Data were filtered at 2 kHz, digitized and analyzed using pCLAMP 9.2 (Molecular Devices, Eugene, OR). Further analysis was performed using Clampfit (Molecular Devices), Excel (Microsoft, Redmond, WA) and Origin (Microcal, Northampton, MA). Data are shown as mean 5 SE.
Computer modeling
Programs were written in Visual Basic (Visual Studio.Net) on a Dell Optiplex GX260 and in Microsoft Visual Cþþ 2008 on a Dell Precision T7500 with two Intel Xeon CPU E5520s. Channel gating was modeled as discrete transitions between Markov states. All differential equations were numerically solved by implementation of a fourth-order Runge-Kutta method. All simulations were tested for insensitivity to time step size to ensure accuracy of numerical integration. All kinetic equations were constrained to produce detailed thermodynamic reversibility.
Open Kv1.4 channels were assumed to act as linear Ohmic conductors of current,
where I is whole-cell current, g is whole-cell conductance, P o is the probability of the channel being in the open state, E rev is the reversal potential, and E is membrane potential. The Kv1.4 ion transfer relation (conductance) is nonlinear, and exhibits slight outward rectification, which is absent from model, hence the slight difference in simulated versus experimental IV curves. These curves were not used to derive the model, and no attempt was made to fit them. All experimental protocols were designed to avoid this complication in analysis, i.e., G/G max curves were not used. There is a slight discrepancy at the foot of the pseudo-steadystate activation curve which reflects a slight limitation of the gating model fitting and is not related to the non-Ohmic properties of the open channel. A simplified Ohmic conductance was assumed for simplicity in generating curves that resembled experimentally obtained data. Kv1.4
[K532Y] has a different relationship between [K þ ] o and conductance, which could conceivably cause changes in outward rectification. This would require two analyses and two models, further complicating analysis but without affecting the focus of our work, which is the relationship between inactivated states. The final rate constants used in the model are given in Table 1 .
Determination of parameter values and rejection of alternatives
Most parameters were determined algebraically and were highly constrained by experimental data. Parameters for the activation model were extracted algebraically from the equations reported as nonlinear least-squares best fits to data in Comer et al. (22) . K fc and K bc (C-type inactivation) were estimated using Kv1.4DN, in which the time constant for inactivation is 1= À K fc þ K bc Á :
K fc and K bc were set to produce a good match to the average data. K bc was initially determined from the degree of inactivation at 5 s adjusted to steady state by e À5/tau . Parameters were systematically varied to demonstrate that no solution could give a recovery (1/K bc ) consistent with the forward rate of inactivation, the degree of inactivation at 5 s, and recovery rate. A solution that matched both the degree of inactivation at 5 s and forward rate of recovery were chosen for the final parameters. This yields a value for 1/K bc that was almost exactly twice as slow as the recovery rate, hence the factor of 2 for the backward rate from inactivation to the preactivated closed state. Equal factors for all K bc could be ruled out algebraically, as there is no combination of K bc and K fc that was within the standard errors for the time K f2 *K b1 *K fc *K bn /(K bc *K fn *K f1 )
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constant of inactivation and 55 SE inactivation relationship and which also reasonably reproduced recovery. K fN and K bN (N-type inactivation) were estimated directly from best fits of the time constant for inactivation (1/(K fN þK bN )) and the nonlinear least-squares estimate of time constant of recovery from N-type inactivation in Kv1.4[K532Y] (1/K bN ). As an additional constraint, they were checked to ensure the residual noninactivating component was indistinguishable from leak and background currents. Rejection of models for the degree of coupling used the same wellconstrained states for all situations. We examined the ability of changes in rate constants to shift V 1/2 . Large shifts in V 1/2 of inactivation required changes in K b and K f that were out of the range of experimental observations.
RESULTS
Activation
The model of activation was developed from the previously published activation kinetics of Comer et al. (22) . Kv1.4 channel activation is clearly a sigmoidal process, which suggests that the channel transitions through multiple closed states before opening. Kinetic data from Hoshi et al. (11) were fit to a Hodgkin-Huxley (23) process, with an equation of the form 1 À exp À t t a n ;
(2)
where t ¼ time, t a ¼ time constant of activation, and n ¼ activation power. Data were well fit when n ¼ 4, so activation was modeled as a four-state Markovian process, with four independently gating units and corresponding to the cartoon of a tetramer of a-subunits, as shown in Fig. 1 B. The fits to the steady-state and kinetic activation data from Comer et al. (22) were transformed algebraically from the form
to voltage-dependent forward (a) and backward (b) rate constants determined by the following equations: 
C-type inactivation
Kv1.4 channels possess two types of inactivation: N-and C-type. N-type inactivation is the result of pore occlusion after binding of the N-terminal ball to sites on the intracellular pore mouth, and can be removed by deleting the N-terminal. We studied the N-terminal deleted construct, Kv1.4DN, which has C-type inactivation in the absence of N-type inactivation. We tested four models of coupling between C-type inactivation and the activation model:
Model C3
Model C4
Rate constants for the development of C-type inactivation were set to be voltage insensitive to be consistent with experimental observation of the voltage insensitivity of this process. The ability of each model to simulate Kv1.4DN isochronal inactivation was tested with K bc and K fc adjusted to match the rate and degree of inactivation developed during the test pulse. If the C-type inactivated state (I C ) can only be accessed through the open state, the degree of inactivation is always significantly less than the experimentally observed value over the range -50 to -20 mV (Fig. 3) . The experimental data can only be reproduced by the introduction of transitions between the first preactivated closed state and I C . Fig. 3 A shows that simulations using model C2 best fit the experimental data, so this model was used as basic model of C-type inactivation coupled to activation. Fig. 3 B shows the simulated current from model C2 in response to a standard two-pulse protocol.
Recovery from inactivation is dominated by recovery from the C-type inactivated state, regardless of whether the N-type inactivation is present. We used a variable interval two-pulse protocol to determine the rate of recovery from C-type inactivation. Fig. 3 C shows that recovery from inactivation could not be reproduced with model C2. Even though the rate of recovery was slow, the transition from I C2 to C 4 could not be made fast enough if K bc was set to be uniform from I C1 and I C2 . However, if the transition from I C2 to C 4 was set to 2K bc (the transition from I C1 to O) with a corresponding reduction in the transition from I C1 to I C2 from 4b to 2b to maintain thermodynamic reversibility, the experimental data were reproduced:
Model C2a
The introduction of C-type inactivation did not have a great impact on the activation properties of the model, i.e., peak IV and isochronal activation, which were well matched to the experimental data of Comer et al. (22) (see the Supporting Material). C-type inactivation is well fit by a single exponential, and Fig. 4 shows that it is voltage-independent at potentials where activation is complete.
N-type inactivation
N-and C-type inactivation coexists in Kv1.4 channels. Although C-type inactivation involves significant movement of both the intracellular and extracellular pore, and is not confined to a single deletable region of the channel, the development of C-type inactivation is severely restricted when a lysine residue (K532) at the outer edge of S6 is mutated to tyrosine. We studied the behavior of Kv1. 4 [K532Y] channels, which have N-type, but lack C-type inactivation, to develop a model of N-type inactivation coupled to the activation model. We tested the ability of The voltage-independent rate constants into and out of the N-type inactivated state, K fN and K bN , are voltage-insensitive FIGURE 3 Coupling C-type Isochronal inactivation to activation in Kv1.4DN. A standard twopulse protocol was used to measure isochronal inactivation. An initial 5 s P1 pulse was applied from the holding potential of À90 mV to potentials between À90 and þ 50 mV in 10-mV steps. This was followed immediately by a 1 s P2 depolarization to þ50 mV. (A) The peak current elicited by the P2 pulse was plotted as a fraction of the maximum value of the peak P1 current. Experiment (,, n ¼ 5), and simulations from model C1 (C), model C2 (-), model C3 (:), and model C4 (;). (B) Simulated current from Model C2 using inset protocol in panel A. (C) Recovery from inactivation was measured using a standard variable interval gapped pulse protocol. The ratio of the peak current elicited by a 5 s depolarizing pulse from À90 to þ 50 mV to the peak current elicited after a variable interval by a second 1 s pulse to þ 50 mV was calculated to determine the degree of recovery from inactivation. Data are normalized from the value at time t ¼ 0 to 20 s. Experiment (,, n ¼ 6) and simulations of model C2 (C) and C2a (-). to reflect the voltage insensitivity of N-terminal binding at positive potentials (11, 14) . We determined isochronal inactivation in these four models and in experimental data from Kv1.4 and Kv1.4[K532Y] (both with N-terminal intact, i.e., with N-but only limited C-type inactivation). Fig. 5 A shows the experimental data were best fit by Model N1, in which the only transition to the N-type inactivated state is from the open state. Fig. 5 B shows simulated current using the N1 model of N-type coupled to the activation model, which is equivalent to Kv1.4[K532Y]. This model was used to generate the data shown in Fig. 6 . Introduction of N-type inactivation had little effect on the steady-state activation and peak I/V relationships (see the Supporting Material). Inactivation of Kv1.4[K532Y] is well fit by a single exponential, and is voltage-independent at potentials where activation is complete. Similar to C-type inactivation, the transition rates into and out of the N-type inactivated states were therefore modeled as being voltageindependent.
Recovery from N-type inactivation
The recovery of both Kv1.4 and Kv1.4DN channels is dominated by the recovery from the C-type inactivated state. Kv1.4[K532Y] channels do not transition easily to the Ctype inactivated state, and the few channels which do enter an inactivated state recover from inactivation relatively fast. We compared the recovery from inactivation of Kv1. 4 [K532Y] and Model N1, as shown in Fig. 7 .
Combined N-and C-type inactivation
Kv1.4 channels exhibit both N-and C-type inactivation, so we combined models C2a and N1 to produce the simplest simulated channel which exhibited both N-and C-type inactivation. The models of N-type and C-type inactivation were combined to produced a Markov model with four closed states, C 1.4 ; one open state, O; one N-type inactivated state, I N1 ; and two C-type inactivated states, I C1 and I C2 :
Model WT1
We compared the characteristics of this model against data from wild-type Kv1.4 channels which have both N-and C-type inactivation, as shown in Fig. 8 . Merely combining the separate N-and C-type inactivation models does not reproduce the Kv1.4 experimental data. The simulated degree of isochronal inactivation is incomplete, and the simulated recovery from inactivation is much more rapid than observed experimentally.
Coupling between N-and C-type inactivated states
There is significant experimental evidence for coupling between the N-and C-type inactivated states. For example, the rate of development of C-type inactivation is increased in the presence of N-type inactivation (16, 17, 24) . We therefore constructed a model in which the N-and C-type inactivated states were coupled through an N-and C-type inactivated state: FIGURE 5 Isochronal Inactivation. A 500-ms depolarization (P1) from the holding potential to potentials between À90 and þ50 mV was followed by a second 500-ms pulse (P2) to þ50 mV. The peak current elicited by P2 was plotted as a fraction of the peak P1 current. 
Model WT2
The exact nature of the rates into and out of the combined inactivated state is not necessarily unique. They were constrained to be fast relative to N-type inactivation. If recovery from N-type inactivation is rapid, and recovery from C-type inactivation is slow, comparing the time course of recovery after brief-versus-long depolarization (to favor N-versus C-type, respectively) would show a well-defined transition between fast recovery and slow recovery, but this is not observed experimentally for Kv1.4 (17) . In contrast, this is what was observed in Shaker (16) , which suggests that structural differences in the core domain and/or the N-terminal may influence the nature of this putative transition state.
The potential for quantitative differences across closelyrelated channel types led us to explicitly include this transition state. Mathematically, a direct transition between the states which is consistent with the kinetic data could be derived (25) . However, we included a separate state to represent the physical condition where the N-terminal is bound and there is C-type inactivation. This not only accounts for our data, but also allows for more mechanistic modeling applications for situations such as alternative core domains, the presence of ancillary Kvb subunits which have N-termini (26-28) that can modulate C-type inactivation (19) , or open channel pore blocking drugs which promote C-type inactivation such as quinidine (29, 30 ). Fig. 9 shows that the introduction of a coupled state had small, but important effects on the characteristics of activation. Comparing Fig. 9 A to Fig. 2 D shows that the coupled model starts to inactivate within the 10-ms depolarizing pulse. However, estimated activation is also marginally faster, and the I/V relationship is well fit. Fig. 9 also shows the inactivation properties of the coupled model. Compared to the uncoupled model, isochronal inactivation is more complete, and recovery from inactivation is slower.
DISCUSSION
Kv1.4 ion channels undergo inactivation via two distinct mechanisms. N-type inactivation is fast, and, when present, dominates channel closure. C-type inactivation is slower, FIGURE 7 Recovery from Inactivation of Kv1.4[K532Y]. A P1 pulse (1 s) was applied from À90 mV to þ50 mV. This was followed after a variable interpulse interval by a 1 s P2 pulse to þ50 mV. Peak current elicited by P2 was plotted as a fraction of the P1 peak current. Experiment (,, n ¼ 8) and simulation (C). Biophysical Journal 100(1) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and is the rate-limiting step controlling the rate of recovery from inactivation. C-type inactivation therefore plays a crucial role in the availability of the channel for the next stimulation in physiological systems. Activation, i.e., channel opening, results in a conformational change of the channel which enables ions to permeate, but also enables the N-terminal region to bind to the intracellular mouth of the pore. In this way Kv1.4 differs from Shaker, in which some N-type inactivation may occur from closed states (31) .
N-terminal binding occludes the pore, preventing further ion permeation. Occlusion of the conducting pathway by the N-terminal has similarities to intracellular open channel drug block (30). In addition, binding of the N-terminal to the open pore results in conformational changes of both the N-terminal and the pore itself (32) . In our model, the channel can only enter the N-type inactivated state from the open state. This is consistent with the molecular basis of N-type inactivation, i.e., binding of the N-terminal to a site that is only accessible when the channel is in the open state.
The mechanisms underlying C-type inactivation are less well defined, but appear to involve significant conformational changes on both the intracellular and extracellular faces of the channel. In the absence of a discrete molecular mechanism, C-type inactivation is defined by a collection of behaviors. C-type inactivation is sensitive to extracellular permeant ions (14, 18, 20) , [TEA] o (18, 33, 34) , and mutations on the extracellular face of the channel near the mouth of the pore (35, 36) . In addition, C-type inactivation is affected by intracellular quinidine binding (29, 30) , intracellular osmotic pressure changes (15) , and mutations on the intracellular side of the pore (30,37). C-type inactivation is probably related to the slow inactivation observed in calcium and sodium channels (38) (39) (40) .
Coupling inactivation to activation
We developed a Markov model of Kv1.4, consisting of four closed states, one open state, two C-type inactivated states, Biophysical Journal 100(1) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] one N-type inactivated state, and one coupled inactivation state linking the N-and C-type states. Experimental data could only be reproduced adequately by our model when there were direct transitions from the closed state to a C-type inactivated state, as well as coupling between N-and C-type inactivated states. Transitions from a closed state to the inactivated state have been proposed for Kv1.3 channels (41), as well as the more distantly related and more rapidly inactivating Kv4 channels (42, 43) and other voltage-gated channels such as Shaker Kv1 channels, Kv2.1, Kv3.1, and heteromeric mixtures of Kv channels (44) (45) (46) (47) . In contrast, N-type inactivation of Kv1.4 appeared to require complete opening of the channel for reproduction of isochronal inactivation in our model analysis.
The exact interpretation of interactions between activation and inactivation in terms of states is somewhat modeldependent, particularly for activation (48) . Our base model of activation is derived from a conventional Hodgkin and Huxley (23) analysis of activation, expanded to individual states. This means that the open state is well described in terms of steady-state equilibrium. It does not account, however, for the flickering of the open state (22) , and there may be a relatively rapid voltage-insensitive step near the open state, as suggested for the related Shaker channel (49) . In the Kv1.4 channel, the existence and importance of this is not strongly supported. Castellino et al. (50) (Fig. 4 H) used cut-open oocyte clamp to measure the time constant of deactivation down to À150 mV, where it was in the range of 2 ms and had still not shown clear evidence of saturation.
This suggests that, in Kv1.4, a distinct voltage-insensitive C-O step is exceptionally fast, if it exists at all, and that it probably does not contribute in any significant way relative to the development of N-type or C-type inactivation. However, this aspect of activation of Kv1.4 should not be considered conclusively demonstrated. Regardless of the exact model used for activation, the relationship between N-type inactivation and the pseudo-equilibrium of the open state clearly suggest that N-type inactivation is dominated by intracellular pore mouth/gate opening.
The approximation of the activation model to the exact conformational changes associated with the preactivated closed states is clearly an approximation based on voltage dependence, sigmoidicity, and tetrameric structure, and lacks a final voltage-insensitive transition. As such, the activation steps in the model are simple approximations to an undoubtedly more complex overall process. This process involves independent movements of individual voltage sensors (51), cooperative movements involving multiple domains, and a complex process by which the movement of the S4 voltage sensor translates into movement of the intracellular S6 gate and potentially other gates within the channel. Despite the limitations of the simple activation model, it provides a reasonable demonstration of differences in mechanism of N-type and C-type inactivation coupling to activation.
The choice of how to connect inactivated states to activation is also important. The original Hodgkin-Huxley formalism of intrinsic and independent voltage dependence for inactivation is clearly inappropriate for both N-and C-type inactivation. We interpreted this as implying that the transition rates between activated and inactivated states were not functions of membrane potential. The assumption that rates were invariant, regardless of which closed state inactivation was occurring from, was a modeling decision that ultimately was not compatible with our data. The possibility that lower affinity interactions may occur with preactivated states is suggested, but cannot really be considered to be demonstrated on the basis of our analysis and data. However, the experimental data do constrain possible models, particularly in the case of N-type inactivation, where the voltage dependence and completeness of inactivation constrain interactions with preactivated states to be minimal compared with the open state.
The case for C-type inactivation proceeding unequally from all states is less clear. We chose to model C-type inactivation as occurring relatively abruptly once the channel reached a certain level of activation. This abrupt transition from no inactivation to inactivation proceeding at nearly a full rate was meant to reflect the idea that channels near the activated state probably move in a series of large, abrupt conformational transitions (e.g., as evidenced by noise analysis of gating currents (52)). Although our model shows that this type of coupling is consistent with our activation model and inactivation assumptions, the possibility remains that other combinations of parameters for preactivated states and inactivated states may still be possible.
Qualitative observations can be made in a modelindependent fashion. The fast development and complete positive isochronal inactivation relationship for N-type intact channels is different from the slower, incomplete development of C-type inactivation, and its more negative isochronal inactivation relationship. Clearly, these qualitative differences demonstrate that C-type inactivation occurs at much more negative potentials and less complete activation than N-type. The development of C-type inactivation therefore behaves as if it occurs without requiring complete opening of the intracellular pore mouth, but may be coupled to preactivated partially open states such as those described by Chapman et al. (53) .
Coupling between N-type and C-type inactivation
In addition to coupling to activation, coupling between N-and C-type inactivated states have been proposed (16, 30, 37) . Although N-and C-type inactivation mechanisms are molecularly distinct and are subject to independent manipulation, the two inactivation mechanisms strongly interact. N-type inactivation speeds up the rate at which C-type inactivation occurs (16, 17, 24) . N-type inactivation results from the binding of the N-terminal ball to a binding site within the open pore. However, the N-terminal and the pore region are both formed from amino acids, and, similar to many protein-protein interactions, N-terminal binding likely results in conformational changes of both the N-terminal and the channel pore. C-type inactivation is sensitive to mutations and manipulations of the pore region (15, 30, 37, 54) and the intracellular gate (15, 30) , so it is not surprising that N-type inactivation changes the rate of development of C-type inactivation (16) (17) (18) (19) .
The relationship between N-type inactivation and the rapid development of C-type inactivation are thought to occur via at least two molecular mechanisms, one in which clearance of K þ from the selectivity filter leads to collapse of the permeation pathway (16, 55) and an allosteric mechanism in which C-type inactivation is promoted though largescale changes in general protein conformation (14, 56) . Regardless of which mechanism is dominant, it is clear that binding of the N-terminal domain increases the rate of development of C-type inactivation, which in turn dominates recovery of the channel. In this sense, the model state that connects N-type inactivation with C-type inactivation functions as a transition state in which the bound N-terminal domain acts as a catalyst that permits rapid development of the C-type inactivation.
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